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ABSTRACT

We propose to provide measurements and analyses of solar spectral fluxes and direct beam transmissions in
support of the Puerto Rico Dust Experiment (PRIDE).  Spectral fluxes (300-1700 nm at 10 nm resolution)
will be measured by a zenith and nadir viewing Solar Spectral Flux Radiometer (SSFR) on the SPAWAR
Navajo and a zenith viewing ground-based SSFR.  Direct beam transmissions will be measured in 6 narrow
bands (380-1020 nm) by the 6-channel Ames Airborne Tracking Sunphotometer (AATS-6) on the SPAWAR
Navajo; they will be analyzed to derive aerosol and thin-cloud optical depth at 5 wavelengths, plus column
water vapor overburden. The data will be used to determine the net solar radiative forcing of dust (and other)
aerosol, to quantify the solar spectral radiative energy budget in the presence of elevated aerosol loading, to
support satellite algorithm validation, and to provide tests of closure with in situ measurements.

1 BACKGROUND

1.1 The Puerto Rico Dust Experiment (PRIDE)

The Puerto Rico Dust Experiment (PRIDE) is a field study of the radiative, microphysical, and transport
properties of Saharan dust, scheduled for July 2000 (Reid, 2000). A group of Navy, NASA, and university
scientists plan to conduct a combined surface, airborne, satellite and modeling campaign out of the Roosevelt
Roads Naval Base, Puerto Rico in an effort to measure the properties of African dust transported into the
Caribbean. There will be two principal thrusts: 1) Determine the extent to which the properties of dust
particles and the spectral surface reflectance of the ocean surface need to be known before remote sensing
systems can accurately determine optical depth and flux. 2) Evaluate/validate the skill in which the Naval
Research Laboratory’s Aerosol Analysis and Prediction System (NAAPS) predicts the long-range transport
and vertical distribution of African dust. The results of these efforts will support Navy and NASA applied
science objectives on satellite validation and the prediction of dust-induced visibility degradation. In addition,
secondary thrusts of PRIDE will address in situ issues of coarse mode particles and basic research issues on
climate forcing, geochemical cycles, and meteorology.
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1.2 Results From Previous Work

1.2.1 Solar Spectral Flux Radiometer (SSFR) Analysis and Results

Cloud Remote Sensing

The SSFR is a newer version of a prototype spectroradiometer that was first designed to infer the
thermodynamic phase of clouds (Pilewskie and Twomey, 1987; Pilewskie and Twomey, 1992). Using
measurements of either spectral reflectance or spectral transmission (defined by the observer’s viewing angle;
for reflectance, π/2≤µ≤π; for transmission, 0≤µ≤π/2), cloud phase can be determined by the signal in the
atmospheric window between 1.55 µm and 1.75 µm. Since ice is nearly four times more absorbing than liquid
water at 1.65 µm, ice spectra have lower amplitude signal in this band. The ice spectrum also shows a shift of
the peak signal towards longer wavelength when compared to a water cloud spectrum, following the
absorption spectra of bulk liquid water and ice.

The result of applying asymptotic formulae to derive relationships between measured transmission and the
bulk absorption affords a simple yet powerful constraint on the composition of absorbing material. These
relationships can be used not only to unambiguously discriminate between cloud phase, but also to reveal the
presence of a heretofore “unknown” absorber. Our observations of near-infrared cloud transmission have
substantiated the premise that liquid water and ice are the dominant absorbers in the near-infrared window
bands. Similar relationships are being employed to develop methods of inferring cloud ice/liquid water
content and enhanced water vapor path through the multiple scattering medium of thick clouds (Pilewskie and
Twomey, 1996).

Clear Sky Solar Radiative Energy Budget

The first SSFR data to be extensively analyzed and compared to model derived spectra for cloud-free
conditions were obtained during the NASA SUCCESS experiment in 1995. Comparisons between
measurements and model calculations of the spectrally resolved downwelling irradiance at the ground showed
that for cloud-free conditions there was agreement to within instrumental and model uncertainties of 5%
(Pilewskie, et al., 1998). The greatest disagreement occurred in the 400 -700 nm band. The integrated
irradiance over the band from 400 nm to 2200 nm agreed to within 3%. Roughly 85% of the difference
between the modeled and measured integrated irradiance occurred in the 400 to 700 nm band. The level of
agreement between measured and modeled spectra in the water vapor absorption bands was encouraging,
considering that water vapor is the primary absorber in the atmosphere. However, we concluded that it would
be necessary to compare similar spectral data over a broader range of atmospheric conditions to fully assess
our ability to model solar spectral irradiance.

Data acquired during the 1997 Department of Energy Atmospheric Radiation Measurement (DOE ARM)
Shortwave Intensive Operating Period (SWIOP) shows that a discrepancy exists between models and
observations in the cloud free atmosphere and it is highly correlated with water vapor (Pilewskie et al., 2000).
The difference between modeled and measured flux increases most rapidly in the two mid-visible bands
between 442 nm and 778 nm and the trend becomes nearly flat in the near-infrared (see Figure 1). Over this
entire spectral region the difference grows at a rate of approximately 9 Wm-2 per cm of water. Relative to the
energy at the top of the atmosphere, the bias increases by about 1% per cm of water in the two bands between
442 and 625 nm and 625 and 778 nm, with smaller relative contributions in the other bands. The source of the
discrepancy remains undetermined because of the complex dependencies of other variables on water vapor.

Principal Component Analysis

A formal approach to any remote sensing problem is to transform the original set of measured variables into a
smaller set of mutually-orthogonal uncorrelated variables. For SSFR spectra, the measurement variables are
irradiance  (or radiance) values at many wavelengths. While several hundred measurements comprise a single
spectrum, relatively few are independent: measurement of flux at one wavelength is sufficient to calculate
flux in other regions of the spectrum given constituents of known absorption and scattering. The initial step is
to determine the correlation between irradiance at different wavelengths which is then used to derive the
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principal components, linear combinations of the original irradiance values. The virtue of this procedure is to
define the minimum number of parameters necessary to characterize atmospheric spectral irradiance, or the
dimensionality of atmospheric variability. PCA can be applied to set limits on the number of parameters that
can be inverted from a spectral data set.

Physically independent influences (in our application, different absorbers and scatterers: condensed water,
oxygen, ozone, carbon dioxide, aerosols, etc.) do not in general produce independent orthogonal
components in the measurement (spectral) domain. PCA produces orthogonal patterns, which of necessity
are weighted combinations of the contributions of two or more independent influences. That difficulty
faces PCA in general and has been discussed at some depth by Richman (1986), who describes so-called
rotation schemes that affect a recombination of raw orthogonal patterns to produce patterns (non-
orthogonal) that better separate effects of physically independent causes.

This was the general procedure followed by Rabbette and Pilewskie (2000) in the analysis of SSFR spectra
from the ARM 1997 Fall Shortwave Intensive Observation Period (SWIOP). The input variable matrix used
in that study constituted nearly 7000 spectra (between 360 and 1000 nm) which were acquired over a three-
week period at the ARM CART site in north central Oklahoma. The time series of the first two rotated
Principal Components (PCs) reveal strong similarities to the time series of cloud liquid water content (97% of
the explained variance) and integrated column water vapor (2.5% of explained variance). Since the analyzed
spectra were in the shortest wavelength region of the solar spectrum, variability associated with cloud water
was due to scattering, not absorption.

The Solar Radiative Energy Budget in the Cloudy Atmosphere

The solar radiative energy budget of cloud the cloudy atmosphere has been the focus of considerable attention
due to several recent studies which suggested that our ability to estimate broadband radiative fluxes and,
consequently, to infer atmospheric absorption, using detailed radiative transfer models is poor (Cess, et al.,
1995; Pilewskie and Valero, 1995; Valero et al., 1998). The recently completed Atmospheric Radiation
Measurement (Arm) Enhanced Shortwave Experiment (ARESE) was the second major DOE field campaign
dedicated to measuring the absorption of solar radiation by clouds.  Figure 2 is an example of SSFR spectra
during ARESEII and is representative of the type of data we will obtain during the PRIDE flight missions.
During ARESEII the SSFR was integrated on the Sandia National Laboratory Twin Otter in nadir and zenith
viewing ports. The blue curve is the nadir-viewing (upwelling) irradiance over north-central Oklahoma on 20
March 2000 at 1700 GMT. Spectral integration time is 100 ms. The red curve is the zenith-viewing
(downwelling) irradiance, also at 1700 GMT, and the green spectrum is the difference between downwelling
and upwelling irradiance, or the net flux. During ARESE II nearly 200,000 irradiance spectra were acquired
over a variety of scenes and altitudes in the lower and middle troposphere.

1.2.2 Ames Airborne Tracking Sunphotometer (AATS) Analysis and Results

The Ames Airborne Tracking Sunphotometers (AATS-6 and AATS-14) have previously flown on a variety of
aircraft to study a wide range of aerosol and trace gas phenomena. Among the AATS results most relevant to
PRIDE are those obtained in the second Aerosol Characterization Experiment (ACE-2), where elevated layers
of Sahara dust were studied over the eastern Atlantic Ocean (Russell and Heintzenberg, 2000).  Figure 3
shows an example measured by AATS-14 on the Pelican aircraft in the Canary Islands (Schmid et al., 2000).
The optical depth profiles in the left panel were smoothed and vertically differentiated to obtain the extinction
profiles in the right panel.  The extinction profiles clearly show the presence of three distinct layers: an
elevated layer of Sahara dust, a moderately polluted marine boundary layer, and an intervening layer that is
nearly aerosol-free.  Note the marked difference in extinction wavelength-dependence in the two aerosol
layers: a strong dependence in the boundary layer (extinction profiles separated in wavelength) and almost no
dependence in the elevated dust layer (extinction profiles overlapping except at 1558 nm).  This difference
reflects the difference of aerosol size in the two layers, with accumulation-mode particles important in the
polluted boundary layer and coarse-mode particles more important in the Sahara layer.

Figure 4 shows how the presence of elevated dust layers can affect the accuracy of optical depths retrieved
from satellite radiance measurements. The scatter diagram in Figure 4a (Durkee et al., 2000) compares
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AVHRR-retrieved aerosol optical depth (AOD) at 630 and 860 nm with AOD measured in ACE-2 by a
variety of sunphotometers on land, ship, and aircraft. Data points with AOD>0.25 are cases where an elevated
layer of Sahara dust was present; those with AOD<0.25 had no Sahara dust.  For all 23 cases shown the
AVHRR standard error of estimate is 0.025 for 630 nm wavelength and 0.023 for 860 nm. Note that in the
dust-containing cases (AOD>0.25), the AVHRR-retrieved AODs are biased low compared to sunphotometer
optical depths (by amounts ranging from 0.01 to 0.08).  In contrast, for the dust-free cases AVHRR-retrieved
values are biased slightly high. Figure 4b compares AOD spectra for a case from Figure 4a where dust was
present (this is also the case from Figure 3); Figure 4c is the analogous comparison for a dust-free case
(Livingston et al., 2000; Schmid et al., 2000).  These cases show clearly the change in bias of the AVHRR
retrieved values between dust-free and dust-containing cases, especially at 860 nm. Possible reasons for this
change include differences between the wavelength-dependent single scattering albedos and phase functions
of the Sahara dust and those assumed in the AVHRR retrieval (Durkee et al., 2000), plus the height of the
absorbing dust aerosols (e.g., Quijano et al., 1999).  In PRIDE, sunphotometer underflights of aerosols in
different conditions (e.g., marine aerosols with and without Sahara dust aloft) could provide analogous tests
of the validity of satellite products as a function of condition.  Vertical profile flights by the sunphotometer
aircraft or a coordinated aircraft could provide simultaneous in situ data on aerosol physicochemical
properties, helping to complete the picture.

In addition to vertical profile flights, airborne sunphotometer measurements flown along horizontal transects
near the land or ocean surface can provide aerosol optical depth spectra useful for validating products from
simultaneous satellite overflights.  This is illustrated in Figure 5, which shows a comparison of airborne
sunphotometer (AATS-6), AVHRR, and ATSR-2 data acquired in TARFOX (Russell et al., 1999a) over the
Atlantic Ocean when the UW C-131A flew across a gradient of aerosol optical depth between latitudes 37-39
N (Veefkind et al., 1999).  The flight path was chosen using half-hourly GOES images to locate the aerosol
gradient.  Comparing Figures 5a and 5b shows that the ATSR-2 retrieval reproduces the sunphotometer-
measured optical depth gradient better than the AVHRR retrieval. Comparing 3c and 3d shows how the
ATSR-2 retrieval also matches the sunphotometer-determined Angstrom exponent better than AVHRR.  In
PRIDE, GOES or other realtime satellite imagery could be used to design flight legs across the gradient from
plume core to edge during a subsequent satellite overpass (by, e.g., EOS Terra carrying MODIS, MISR, and
CERES). AATS optical depth spectra on legs flown near the surface would provide validation data for
comparisons such as those in Figure 5.

Figure 6 shows other comparisons from TARFOX, when AATS-6 on the UW C-131A underflew the MODIS
Airborne Simulator (MAS) on the NASA ER-2 (Tanre et al., 1999).  These comparisons focus on the
wavelength dependence of optical depth and illustrate how the magnitude of optical depth affects the success
of the MAS retrieval.  Specifically, the good agreement in wavelength dependence and magnitude obtained
when optical depth is relatively large (>0.2 for λ<1 µm) degraded when optical depth decreased below ~0.05
(causing MAS-measured radiance from the aerosol to decrease relative to radiance from the ocean surface).
Establishing such limits and uncertainties is a major reason for validation studies.  In PRIDE they could be
conducted for a variety of aerosol types and conditions, over different types of land surfaces (e.g., densely vs.
sparsely vegetated), glint-free and glinting swaths of  ocean, and on transects spanning land and ocean.

2 PROPOSED RESEARCH

2.1 Objectives

The objectives of the proposed research are to:

(1) Improve understanding of dust, other aerosol, and water vapor effects on radiative transfer, radiation
budgets and climate in the Caribbean region, and

(2) Test and improve the ability of satellite remote sensors (such as MODIS, MISR, CERES, TOMS,
AVHRR) to measure these constituents and their radiative effects.
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2.2 Proposed Tasks

2.2.1 ONR-Funded Task One: SSFR Measurements and Analyses

The NASA Ames Radiation group will deploy a Solar Spectral Flux Radiometer (SSFR) on the SPAWAR
Navajo during the Puerto Rico Dust Experiment (PRIDE) in June-July, 2000. The SSFR has zenith and nadir
viewing light collectors for measuring solar spectral upwelling and downwelling irradiance from 300 to 1700
nm at 10 nm resolution. This data will be used to determine the net solar radiative forcing of dust (and other)
aerosol, to quantify the solar spectral radiative energy budget in the presence of elevated aerosol loading, and
to support satellite algorithm validation. We will attempt to deploy a zenith viewing ground-based SSFR (for
no additional cost to the project) at a selected surface site.

The SSFR is calibrated for wavelength, absolute power, and angular response at the NASA Ames Research
Center. Some of this work is done in conjunction with the Ames Airborne Sensors Facility which takes part in
round robin calibration comparisons with NIST and the University of Arizona. The Airborne Sensors Facility
is also responsible for calibrating flight simulation sensors, such as the MODIS Airborne Simulator (MAS),
and the use of identical standards will allow us to trace SSFR calibrations to MAS.

We will meet all data archival schedules; we anticipate three levels of data release.

2.2.2 ONR-Funded Task Two: AATS-6 Measurements and Analyses

For the funding requested in this proposal (Section 3) the NASA Ames Sunphotometer/Satellite group will
perform the following subtasks: (a) Integrate the 6-channel Ames Airborne Tracking Sunphotometer (AATS-
6) on the SPAWAR Navajo.  (b) Calibrate AATS-6 before and after PRIDE. (c) Provide continuous realtime
measurements of aerosol and thin cloud optical depth spectra and water vapor column contents during PRIDE
flights.  (d) Use these data in flight direction and planning.

2.2.3 NASA-Funded Integrated Analyses

In addition to ONR funded Tasks One and Two, we plan to perform the following subtasks using NASA
funding: (e) Compare AATS-6 results to those of the satellite sensors listed above (as, e.g., in Figures 4-6); in
cases of disagreement, investigate causes and retrieval algorithm improvements. (f) For aircraft profiles derive
profiles of aerosol extinction spectra and water vapor density by differentiating optical depth and column
water vapor profiles (as exemplified by Figures 3 and 7). (g) Combine these data with those from the SSFR
and conduct new analyses of aerosol radiative forcing sensitivity, single scattering albedo, and the solar
spectral radiative energy budget (as exemplified by Figure 8). (h) Derive aerosol size distributions from
optical depth and extinction spectra (as exemplified by Figure 9).  (i) Combine data with in situ measurements
(e.g., the SPAWAR measurements of size distribution, scattering, and/or absorption) to provide tests of
closure and integrated assessments of aerosol and trace gas radiative effects.  An example of such a closure
test is shown in Figure 10 (Schmid et al., 2000).  Results of the analyses will be reported in joint publications
with collaborating investigators.

2.3 Schedule

6/00: Integration of SSFR and AATS-6 on SPAWAR Navajo
6/00: Final pre-flight SSFR and AATS-6 calibration
6-7/00: Field deployment
8-10/00: post-flight calibrations
11/00: first data release
3/01: second data release
6/01: final data release
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ONR- ONR-
Funded Funded
Task 1, Task 2,

SSFR AATS

Contract/Chargeback 19.98 1a 51.08 2a

Supplies, Parts 16.92 1b 3.50 2b

Travel 6.69 1c 22.05 2c

Shipping 2.82 3.20

Documentation Support 1.00 1.73

NASA Reimbursable Taxes (6%) 2.84 4.89

Total 50.25 86.45

Notes:
1a. Programmer, 0.25 WY @ $79.9K/WY
1b. Primarily spare detector arrays, optical domes, and fiber optic bundles.
1c. Includes post-experiment calibration trip to JPL Table Mountain Solar Observatory

2a. 

2b. 
2c. 

*NASA is currently reviewing and changing its budget and accounting procedures to accommodate a full-cost  

management model.  It is likely that for FY 2001 and beyond all budget requests will have to be amended or 
modified to reflect this new management approach.  When we receive further guidance on the revised procedures,  
a revised budget for those affected years will be submitted.

Includes pre- and post-experiment calibration trips to Mauna Loa Observatory (Civil servants and 
contractors).

J. Livingston, 0.20 WY @ $188K/WY; B. Schmid, 0.07 WY @ $104K/WY; J. Redemann, 0.04 WY @ 
$88K/WY; Programmer, 0.04 WY @ $67K/WY.

3. BUDGET*

This budget covers field measurements (including calibrations), preparation, and basic data reduction.  Integrated 
analyses and publications are not included; these will be covered by NASA budgets or, when appropriate, by a separate 
budget request to ONR.

Includes digitizer parts, A/C interface, electronics, tools.

4.  STAFFING, RESPONSIBILITIES, AND VITAE

Drs. Peter Pilewskie and Philip B. Russell will be Co-Principal Investigators.  Dr. Pilewskie will be
responsible for the SSFR measurements and analyses; Dr. Russell will be responsible for the AATS-6
measurements and analyses.  Drs. Pilewskie and Russell will collaborate on analyses that combine SSFR and
AATS-6 measurements, as well as on flight planning for such measurements. They will be responsible for the
completion of their tasks within budget and schedule. Mr. John Livingston will have primary responsibility
for AATS-6 calibrations and airborne measurements.  He and Dr. Beat Schmid will participate in AATS-6
preparation, data analyses, and publications. Dr. Jens Redemann will participate in selected calibrations and
analyses.  Ames will furnish additional engineering and technical personnel necessary to maintain, operate,
and repair the instrumentation before, during, and after the calibrations and field measurements.
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Rangno, D.C. Rogers, K.B. Strawbridge, F.P.J. Valero, A.G. Williams, and D. Wyliep, FIRE Arctic Clouds Experiment, Bulletin of
the American Meteorological Society, 81, 5 (2000).
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Sokolik I.N., F.P.J. Valero, and P. Pilewskie, Spatial and temporal variations of the radiative characteristics of the plume from the
Kuwait oil fires, submitted to Biomass burning and Global Climate Change, Levine J.S., Ed., MIT Press, Cambridge, MA (1995)
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Previously, Editor (1993, 1996) and Editor-in-Chief (1994-95), Geophysical Research Letters; Member, Board of
Editors and Atmospheric Science Executive Committee, American Geophysical Union.  Guest Editor, Journal of
Geophysical Research Special Issues on "Midlatitude Stratospheric Dynamics and Cross-Tropopause Exchange,"
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Experts Meeting on Aerosols and their Climatic Effects (1983), Invited Participant, NOAA Workshop on Global Large
Aerosols (1982), Chair, American Meteorological Society International Committee on Laser Atmospheric Studies (1979-
82, Member, 1978-82), Member, National Research Council Committee on Army Basic Research (1979-81), Member,
American Meteorological Society Committee on Radiation Energy (1979-81).
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Ferrare, R., et al. (with P. B. Russell), Comparisons of aerosol optical properties and water vapor among ground and airborne lidars

and sun photometers during TARFOX, J. Geophys. Res., in press, 2000a.
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78, 1395-1410, 1997.
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Simulation of passive sensor radiance measurements to infer range to an absorbing gas
Experimental study of aerosol effects on solar radiation using remote sensors
Error analysis and simulation of lidar aerosol measurements
Analysis of lidar propagation through fog, military smoke, and dust clouds
Evaluation of the lidar opacity method for enforcement of stationary source emission standards
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